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The  oxygen-deficient  perovskite  Sro.7Hoo.3Co03_(5  (SHCO)  operates  on  the  Co(III)/Co(II)  redox  cou¬ 
ple  rather  than  the  usual  Co(IV)/Co(III)  couple  for  an  oxygen  reduction  reaction(ORR)  cathode  of  an 
intermediate-temperature  solid  oxide  fuel  cell  (IT-SOFC).  The  room-temperature  XRD  pattern  of  SHCO 
prepared  by  solid-state  reaction  can  be  indexed  in  the  tetragonal  74/mmm  space  group  with  unit-cell 
parameters  a  =  7.61 7  A,  and  c  =  1 5.293  A.  SHCO  exhibits  an  electrical  conductivity  with  values  larger  than 
488  S  cm-1  over  the  temperature  range  560-800  °C.  The  area  specific  resistance  (ASR)  of  a  SHCO  cathode 
measured  on  a  Lao.8Sro.2Gao.83Mgo.17O2.8i5  (LSGM)  electrolyte  reaches  a  relatively  low  value  of  0.14  ^  cm2 
at  800  °C  in  air.  With  a  300-|mm-thick  LSGM  disk  as  the  electrolyte  and  NiO-GDC  as  the  anode,  a  cell 
with  the  SHCO  cathode  exhibited  maximum  power  densities  of  1274,  756,  and  493mWcm-2  at  850, 
800,  and  750  °C,  respectively,  with  hydrogen  as  fuel  and  ambient  air  as  oxidant.  Cross-section  scanning- 
electron-microscopy  measurements  confirmed  the  porous  microstructure  of  the  electrodes  and  good 
electrode-buffer  layer-electrolyte  adherence  in  a  single  test  cell.  The  ORR  activity  of  a  SHCO  cathode 
operating  on  the  Co(III)/Co(II)  couple  approaches  that  of  the  best  cathodes  operating  on  the  Co(IV)/Co(III) 
couple,  and  higher-spin  Co(III)  ions  provide  a  compatible  thermal  expansion. 

Published  by  Elsevier  B.V. 


1.  Introduction 

A  solid  oxide  fuel  cell  (SOFC)  is  an  electrochemical  device  that 
can  convert  chemical  energy  directly  into  electrical  energy;  it  has 
the  merits  of  high  energy-conversion  efficiency,  low  environmen¬ 
tal  impact  and  good  fuel  flexibility  [1,2].  Much  effort  in  recent  years 
has  been  devoted  to  lowering  the  operating  temperatures  of  SOFCs 
to  the  intermediate-temperature  (IT)  range  500-800  °C  not  only  to 
reduce  the  cost  of  fabrication  and  maintenance  but  also  to  prevent 
degradation  of  the  cell  performance  [3].  In  this  respect,  cathode 
materials  with  mixed  ionic-electronic  conductivity  and  excellent 
electrocatalytic  activity  for  the  oxygen  reduction  reaction  deserve 
special  attention  [4,5].  Recently,  the  oxygen-deficient  perovskite 
Sro.7Yo.3CoO2.63  (SYCO),  which  operates  on  the  Co(III)/Co(II)  couple 
rather  than  the  Co(IV)/Co(III)  couple,  has  been  observed  [6]  to  be  a 
cathode  material  that  exhibits  promising  performance  for  IT-SOFCs 
and  to  have  a  compatible  thermal  expansion  owing  to  all  Co  in  a 
higher  spin  state.  The  electrical  conductivity  reaches  values  higher 
than  700  S  cm-1  for  T>  500  °C  in  air,  and  the  area  specific  resistance 
(ASR)  of  SYCO  on  an  LSGM  electrolyte  exhibits  a  relatively  low  value 
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of  0.11  Q  cm2  at  800  °C.  As  a  result,  with  a  300-p>m-thick  LSGM  disk 
as  the  electrolyte  and  NiO-GDC  as  the  anode,  a  cell  with  the  SYCO 
cathode  exhibited  a  maximum  power  density  of  927  mWcrn-2  at 
800  °C  with  pure  H2  as  fuel  and  air  as  oxidant.  Previous  studies 
have  shown  that  a  structure  similar  to  that  of  SYCO  can  be  formed 
with  other  rare-earth  substituted  Sr1_xLnxCo03_5  (Ln  =  rare  earth) 
samples,  but  the  stability  range  depends  sensitively  on  the  ionic 
radius  of  the  Ln3+  ion.  It  remains  unclear  whether  an  excellent  elec¬ 
trochemical  performance  can  be  found  in  other  Ln3+-substituted 
samples  isostructural  with  SYCO.  In  this  present  study,  we  have 
replaced  Y3+  with  Ho3+  and  investigated  the  electrochemical  per¬ 
formance  of  Sr0.7Ho0.3CoO3_5  as  a  cathode  for  IT-SOFCs. 

2.  Experimental  procedure 

2.2.  Sample  preparation  and  characterizations 

Polycrystalline  Sr0.7Ho0.3CoO3_5  (SHCO)  was  prepared  from 
a  stoichiometric  mixture  of  SrC03,  Co304  and  Ho203  [8].  The 
mixtures  were  ground  and  sintered  at  1100°C  for  12  h  followed 
by  re-grinding  and  another  firing  at  1100°C  for  48  h  in  air.  The 
obtained  product  was  characterized  by  powder  X-ray  diffraction 
(XRD)  for  phase  identification  with  a  Philips  X’pert  diffractome¬ 
ter  (Cu  Ka  radiation,  A,  =  1.5418  A)  in  Bragg-Brentano  reflection 
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geometry.  The  XRD  data  were  recorded  in  the  20  range  of  20-90° 
with  an  increment  of  0.02°  and  a  dwell  time  of  10  s. 

2.2.  Electrical  conductivity  and  electrochemical  impedance 
spectra  measurements 

The  dc  electrical  conductivity  of  SHCO  was  measured  in  air 
with  the  Van  Der  Pauw  method  [9,10]  in  the  temperature  range 
200-800  °C.  SHCO  powder  was  pressed  into  a  pellet  with  a  diam¬ 
eter  of  6.25  mm  and  a  thickness  of  0.7  mm;  it  was  then  sintered  at 
1100°C  for  6h.  Pt  wire  and  Pt  paste  were  used  to  make  the  four 
probes.  At  each  temperature  point,  an  I-V  scan  from  -100  mA  to 
100  mA  with  a  step  of  10  mA  was  performed,  and  the  electrical 
conductivity  was  calculated  from  the  slope  of  the  obtained  straight 
line. 

The  electrochemical  impedance  spectra  (EIS)  were  measured 
with  an  electrochemical  interface  (1287  potentiostat  and  1260 
Frequency  response  analyzer,  Solartron  Analytical,  Farnborough, 
Hampshire,  U.K.).  The  ac  impedance  spectra  were  performed  on 
the  symmetrical  cell  SHCO/LSGM/SHCO  under  open-current  condi¬ 
tions  from  550  to  800  °C  in  the  frequency  range  1 06-l 0-2  Hz  with  a 
signal  amplitude  of  10  mV.  For  this  purpose,  the  SHC  cathode  with 
an  area  of  0.25  cm2  was  screen-printed  onto  both  sides  of  a  dense 
LSGM  electrolyte  pellet  of 600  p>m  thickness.  After  drying,  the  SHCO 
cathode  was  sintered  at  1050°C  for  1  h  in  air.  Pt  meshes  with  Pt 
wires  were  attached  to  each  electrode  with  a  thin  coating  of  dilute 
Pt  paste  and  Pt  paste  in  separate  dots  for  ensuring  contact. 

2.3.  Preparation  of  single -cells 

Single  test  cells  were  fabricated  by  an  electrolyte-supported 
technique.  A  300-p>m-thick  LSGM  disk  was  used  as  the  electrolyte 
[3,11],  commercial  NiO-GDC  was  used  as  the  anode,  SHCO  was 
the  cathode,  and  Lao.4Ce0.602_5  (LDC)  was  used  as  a  buffer  layer 
between  the  electrode  and  the  electrolyte  [11,12].  The  LDC  buffer 
layer  prevents  unwanted  interface  phases  arising  from  a  reaction 
between  cathode  and  electrolyte  that  impede  O2-  transport  across 
the  interface.  The  buffer  layer  is  not  needed  in  the  symmetrical  cells 
that  are  used  to  determine  the  ASR  at  the  02  /cathode  interface.  LDC, 
NiO-GDC  and  SHCO  were  made  into  a  paste  with  a  commercial 
binder  (V-006,  Heraeus).  LDC  paste  was  screen-printed  onto  two 
sides  of  the  LSGM  disk  followed  by  firing  at  1300  °C  for  1  h.  NiO- 
GDC  was  subsequently  screen-printed  on  one  side  of  the  LSGM  and 
fired  at  1300  °C  for  0.5  h.  SHCO  was  finally  screen-printed  on  the 
other  side  of  the  LSGM  and  fired  at  1050°C  for  1  h.  The  working 
electrode  area  of  the  cell  was  0.28  cm2.  The  single  cell  was  sealed 
onto  one  end  of  an  alumina  tube  with  glass  powder  and  then  placed 
into  a  vertical  furnace  with  air  directly  supplied  to  the  cathode  sur¬ 
face  and  hydrogen  to  the  anode  surface.  Before  testing,  the  anode 
was  exposed  to  5%  H2/Ar  for  40  min  at  800  °C  and  then  purged  with 
hydrogen  for  20  min.  The  performance  measurements  were  carried 
out  at  750,  800,  and  850  °C. 

3.  Result  and  discussion 

The  XRD  pattern  of  the  Sr0.7Ho0.3CoO3_5  sample  shown  in  Fig.  1 
indicates  that  a  single  phase  is  formed.  The  patterns  could  be 
indexed  on  the  basis  of  a  tetragonal  14/mmm  structure  with  unit-cell 
parameters  a  =  7.61 7 A,  and  c=  15.293  A,  which  are  in  agreement 
with  those  in  the  literature  [8]. 

Fig.  2  shows  the  temperature  dependence  of  the  electrical  con¬ 
ductivity  (left)  and  resistivity  (right)  of  the  SHCO  pellet.  With 
increasing  temperature,  the  conductivity  of  SHCO  first  increases 
rapidly  to  a  maximum  value  of  512  S  cm-1  at  560  °C  and  then 
decreases  slowly,  but  keeps  above  488  S  cm-1  up  to  800  °C.  Such 
a  high  electrical  conductivity  satisfies  the  general  requirement  for 


Fig.  1.  The  X-ray  diffraction  patterns  of  the  Sro.7Hoo.3Co03_5  sample. 

the  cathode  materials  of  a  SOFC,  i.e.  cre  >  100  S  cm-1  at  the  operat¬ 
ing  temperature  [7].  Similar  to  Sro.7Yo.3CoO3.63,  the  Arrhenius  plot 
of  ln(orT)  vs  1000 /T  does  not  produce  a  single  straight  line  owing 
to  an  increase  in  oxygen  loss  in  a  narrow  temperature  range  about 
650  K. 

Fig.  3  displays  typical  impedance  spectra  of  the 
SHCO |  LSGM | SHCO  cell  obtained  at  different  temperatures  in 
air.  The  impedance  response  is  characterized  by  a  single  arc. 
The  high-frequency  intercept  of  the  electrode  impedance  on  the 
real  axis  is  the  total  resistance  of  the  electrolyte.  The  difference 
between  the  low-frequency  and  the  high-frequency  intercepts  on 
the  real  axis  corresponds  to  the  area  specific  resistance  (ASR)  of 
the  two  cathode-electrolyte  interfaces.  ASR  represents  the  overall 
cathodic  resistance  related  to  the  oxygen  reduction,  oxygen  sur¬ 
face/bulk  diffusion,  and  the  gas-phase  oxygen  diffusion.  As  can  be 
seen,  the  ASR  value  reduces  significantly  with  increasing  temper¬ 
ature  and  reaches  0.14  £2  cm2  at  800  °C,  which  is  lower  than  that 
required  for  the  cathode  ASR  and  suggests  that  a  SHCO  cathode  has 
high  electrocatalytic  activity  for  the  oxygen  reduction  reaction  at 
intermediate  temperatures.  The  corresponding  activation  energy, 
calculated  from  the  slope  of  Fig.  3(b),  is  1 60.4  kj  moH1 . 

Displayed  in  Fig.  4  are  the  cell  voltage  and  power  density 
as  a  function  of  current  density  for  the  single  test  cell  NiO- 
GDC|LDC|LSGM|LDC|SHCO  operating  at  different  temperatures 
with  dry  hydrogen  as  fuel  and  ambient  air  as  oxidant.  Each 
data  point  was  recorded  about  30  min  after  the  cell  reached  a 
steady  state.  In  general,  the  open-circuit  voltage  (OCV)  of  the  cell 
should  be  close  to  its  theoretical  value  and  slightly  influenced  by 
operating  conditions.  As  shown  in  Fig.  4,  the  maximum  power  den¬ 
sities  (Pmax)  of  1274,  756,  and  493  mWcnrr2  with  the  open-circuit 
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Fig.  3.  (a)  Impedance  spectra  of  the  symmetrical  cell  with  the  configuration  of 
SHC/LSGM/SHC  under  OCV  conditions  at  different  temperatures,  (b)  Arrhenius  plot 
of  the  polarization  resistance  of  a  SHC  cathode  on  LSGM  electrolyte. 

voltage  (OCV)  values  of  1 .2863, 1 .2895,  and  1 .291 7  V  were  obtained 
at  850,  800,  and  750  °C,  respectively. 

Fig.  5(a)  and  (b)  shows  the  cross-section  SEM  micrographs  of 
electrode-electrolyte  interfaces  after  testing.  From  the  SEM  images, 
the  electrolyte  layer  is  fairly  dense  without  obvious  pores  and 
cracks.  The  thicknesses  of  the  LDC,  SHCO  and  Ni-GDC  layers  are 


t  •  2 

Current  density  (A/cm") 

Fig.  4.  Typical  current-voltage  characteristics  and  corresponding  power  densities 
measured  at  different  temperatures. 


Fig.  5.  SEM  micrograph  of  (a)  the  SHCO/LDC/LSGM  cross-section  and  (b)  the  Ni- 
GDC/LDC/LSGM  cross-section  after  test. 


estimated  to  be  10,  10  and  15p>m,  respectively;  the  mean  grain 
and  particle  sizes  for  LDC,  SHCO  and  Ni-GDC  are  about  2  p,m.  Fur¬ 
thermore,  the  cathode  SHCO  exhibits  porosity. 

4.  Conclusions 

The  oxygen-deficient  perovskite  Sr0.7Ho0.3CoO3_5  (SHCO), 
which  operates  on  the  Co(III)/Co(II)  couple  rather  than  the 
Co(IV)/Co(III)  couple,  has  been  evaluated  as  a  potential  cathode 
material  for  IT-SOFCs  in  the  present  study.  It  can  be  easily  prepared 
with  standard  solid  state  reaction  as  a  single  phase  with  tetragonal 
lA\mmm  symmetry.  A  high  electrical  conductivity  and  a  relatively 
low  polarization  resistance  can  be  obtained  for  a  SHCO  cathode  at 
intermediate  temperatures;  and  with  higher-spin  cobalt,  the  ther¬ 
mal  expansion  is  compatible.  In  an  electrolyte-supported  single 
test  cell,  the  SHCO  cathode  exhibited  maximum  power  densities 
of  1274,  756,  and  493  mWcm-2  with  the  OCV  values  of  1.2863, 
1 .2895,  and  1 .291 7  V  at  850,  800,  and  750  °C,  respectively. 
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